This paper proposes a low latency incremental redundancy hybrid ARQ (IR-HARQ) scheme for a multiband wireless local area network (WLAN) system. The proposed scheme can reduce a retransmission delay and ensure backward compatibility with WLAN devices by using a clear to send (CTS) frame of a current WLAN system and rate compatible lowdensity parity-check (RC-LDPC) codes. Additionally, it can minimize the retransmission delay by selecting an optimal retransmission data length on the basis of the accumulated mutual information (ACMI) for available frequency bands. The results of computer simulations show that the multiband WLAN system using the proposed scheme has shorter retransmission delay and higher system throughput than the current WLAN system.
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As wireless local area networks (WLANs) have increasingly been used, congestion and shortage of frequency resources regularly occur at 2.4 and 5 GHz. To overcome this problem, a multiband WLAN system has recently been proposed that simultaneously transmits data packets of frequency bands in the current IEEE802.11 WLAN system [1] . This system can improve the receiving performance and band occupancy time by using simultaneous transmission data packets that divide the original data into frequency bands and add a media access control (MAC) header. However, the MAC header makes the retransmission overhead in this system larger than that in the current WLAN system. Especially, when the number of retransmissions is increased by a multipath fading channel that causes an uncorrected modulation and coding scheme (MCS) selection, the larger overhead degrades system throughput.
A chase-combining hybrid ARQ (CC-HARQ) and an incremental redundancy hybrid ARQ (IR-HARQ) are generally valid approaches to improve the receiving and decoding performance in retransmission [2, 3] . In the CC-HARQ scheme, the receiving performance can be improved by combining recently received packets with the same packet received in the past. On the other hand, in the IR-HARQ scheme, the decoding performance improves as the number of retransmissions increases since some redundancy bits are retransmitted by rotation. Therefore, the IR-HARQ scheme has smaller retransmission overhead than the CC-HARQ scheme. However, the current WLAN system does not support the HARQ scheme. For the current WLAN system to support the HARQ scheme, we have proposed a low latency IR-HARQ scheme [4] . This scheme can ensure backward compatibility with WLAN devices by using a control frame of the current WLAN system and rate compatible low-density parity-check (RC-LDPC) codes that are designed on the basis of IEEE802.11n LDPC codes.
To reduce the retransmission delay in the multiband WLAN system, this paper proposes a low latency IR-HARQ scheme for the multiband WLAN system. The proposed scheme can minimize the retransmission delay by selecting an optimal retransmission data length on the basis of the accumulated mutual information (ACMI) for available frequency bands. In addition, it can ensure the above backward compatibility by adopting RC-LDPC codes and reporting the retransmission data length of the IR-HARQ scheme by using a clear to send (CTS) frame. Results of computer simulations show that the multiband WLAN system using the proposed scheme has a lower average transmission delay and higher system throughput than the current WLAN system that adopts IEEE802.11n LDPC codes [5].
Proposed low latency IR-HARQ scheme
This section describes the proposed low latency IR-HARQ protocol and the method for calculating the optimal retransmission data length on the basis of the ACMI for the multiband WLAN system.
2.1 IR-HARQ protocol for the multiband WLAN system Fig. 1 shows the retransmission protocol for the conventional scheme in the current WLAN system and the proposed scheme for the multiband WLAN system. As shown in Fig. 1(a) , the conventional scheme must transmit a request to send (RTS) and CTS frames before the transmission of data packets to avoid packet collision. In addition, if the retransmission user does not have the minimum random back-off time during a contention window (CW) after failing to receive a data packet, the retransmission delay increases. On the other hand, as shown in Fig. 1(b) , the proposed scheme can give the retransmission packet the highest priority without a packet collision by informing all users about the retransmission by using the CTS/NACK frame. The retransmission procedure of the proposed IR-HARQ scheme is as follows.
Step 1. A source transmits the RTS frame at desired frequency bands.
Step 2. A destination transmits the CTS frame at available frequency bands that received the RTS frame.
Step 3. The source simultaneously transmits the divided data packets at frequency bands that received the CTS frame. In the following steps, all transmission and receiving processes use the same frequency bands.
Step 4. The destination combines the demodulated data sequences for the above divided packets and decodes the combined sequence after storing the packets in a HARQ buffer. If the retransmission packet is received, the destination decodes the data sequence that combines the stored data of the HARQ buffer and the demodulated data for the retransmission packet.
Step 5. The destination decides whether the result of a frame check sequence (FCS) check for received packets contains errors. Step 6. If the result of the FCS check contains no errors, the destination transmits an acknowledgement (ACK) frame and clears the HARQ buffer.
Step 7. If the result of the FCS check contains errors, the destination transmits the CTS/NACK frame after setting a value of a network allocation vector (NAV) that is calculated from an optimal retransmission data length.
Step 8. If the source receives the ACK frame or a retransmission counter has reached an upper limit, the source finishes the retransmission process after clearing the retransmission counter.
Step 9. If the retransmission counter has not reached the upper limit, the source transmits the retransmission data packets that have the calculated retransmission data length from the NAV value of the CTS/NACK frame. After increasing the retransmission counter by one, return to Step 4. In Step 5, if the result of the FCS check contains errors, the destination reports not only the retransmission request to the source but also a prohibition period of data transmission to other stations by the CTS/NACK frame. As a result, the proposed scheme can quickly transmit the retransmission packet without a CW period and RTS/CTS sequence in the retransmission.
Optimization of the retransmission data length
In the IR-HARQ scheme, to minimize the retransmission delay, the retransmission data length must be minimized in accordance with the channel condition. In the multiband WLAN system, to succeed in decoding the combined sequence in the n-th transmission, the amount of ACMI, which is the left term in (1), has to be larger than the target data rate in the first transmission R 1 .
Therefore, if the decoding of the n-th transmission fails, the proposed scheme can minimize the retransmission delay by selecting the minimum value for the next transmission data length N nþ1 that satisfies (2).
where N m is the number of data symbols for the 2 L -ary modulation scheme χ of the m-th transmission, N sc;f is the number of subcarriers at the f-th frequency band, and C is the complex field. If the bit-interleaved coded modulation (BICM) is used in the m-th transmission, the capacity C m;f is given by (3) and (4). For other coding scheme besides the BICM, the capacity is given by (3) and (5), which approximates (4) by the signal to noise ratio (SNR) offset α. 
where B i ðxÞ is the i-th bit of the symbol x and SNR k;f is the estimated SNR in the k-th subcarrier at the f-th frequency band to accommodate frequency selective fading.
Performance evaluation
This section evaluates the average transmission delay and the system throughput for the conventional and proposed schemes. In this letter, the conventional scheme (Conventional) is the retranmission scheme in Fig. 1(a) with IEEE802.11n LDPC codes, in which the coding rate is supported from 0.5 to 0.833. In contrast, the proposed scheme (Proposal) is the retranmission scheme in Fig. 1(b) with designed RC-LDPC codes [4] , in which the coding rate is supported from 0.5 to 0.875. In addition, Conventional and Proposal calculate the retransmission data length by (4) and (5) Fig. 2 shows the transmitter and receiver (TRX) block diagram for the multiband WLAN system with the proposed IR-HARQ scheme. In this system, the demodulated data sequence for received data packets is decoded after the packets are combined and stored in the HARQ combiner. After the transmission of the CTS/NACK or ACK frame is requested from the HARQ controller at the destination in accordance with the result of the FCS check, the CTS/NACK or ACK frame is transmitted to the source. If the source receives the CTS/NACK frame, after the HARQ controller in the source reports the optimal retransmission data length that is calculated from the NAV value of the CTS/NACK frame to the encoder in the source, the additional parity bits are transmitted to the destination. Fig. 3 shows the average transmission delays and system throughputs for Conventional and Proposal with an adaptive modulation and coding scheme (AMC) at 2.4 and 5.7 GHz. In this figure, the X-axis is the average SNRs at 5.7 and 2.4 GHz bands. Additionally, Y-axis is the average transmission delay, i.e., the average time from when a packet is generated until it is successfully received or the retransmission limit is reached. As shown in Fig. 3 , Proposal reduces the average transmission delay by up to 33% and increases the system throughput by 150% on average compared with Conventional. The reason for the improved system throughput at the average SNR < 10 dB is the improved average transmission delay. On the other hand, the reason for the improved system throughput at the average SNR > 10 dB is the required SNR that improved by the IR-HARQ scheme.
Conclusion
This paper proposed a low latency incremental redundancy hybrid ARQ (IR-HARQ) scheme for a multiband wireless local area network (WLAN) system and evaluated the average transmission delays and system throughputs for the proposed scheme and the current WLAN system. The results of computer simulations showed the multiband WLAN system using the proposed scheme has up to 33% lower average transmission delay and on average 150% higher system throughput than the current WLAN system.
